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The existence of dark sectors, consisting of weakly-coupled particles that do not
interact with the known Standard Model forces, is theoretically and phenomeno-
logically motivated. The hidden particles are candidates for Dark Matter and can
interact with photon through electric dipole moment (EDM) and magnetic dipole
moment (MDM). We investigate the possibility a hidden sector’s Dark Matter which
is charged under a hidden U(1)X gauge symmetry can interact with photon at loop
level. We evaluate the scattering cross section of hidden Dirac fermion with nuclei
and set bounds for dipole moment. Using the results of the XENON1T experiment
for direct detection of Dark Matter, we get bounds of electromagnetic dipole mo-
ment (µχ) for mass mχ = 100 GeV : 1.93448× 10−8µB ≤ µχ ≤ 1.9496× 10−8µB and
electric dipole moment (dχ): 3.3204× 10−23e.cm ≤ dχ ≤ 3.3464× 10−23e.cm. Using
the condition of the existence of dipole moment we constraint the kinetic mixing
parameter 3 × 10−3 ≤  ≤ 10−2 and the mass of the hidden U(1)X gauge boson to
be in the range of 5 GeV ≤ mX ≤ 9 GeV. Our results complement previous works
and are within detection capability of LHC.
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3I. INTRODUCTION
Even though there exits evidence of Dark Matter (DM) [1–5], the origin and properties
of DM is still mysterious. It is clear that the origin and the properties of DM cannot be
addressed in the framework of the Standard Model (SM) hence the need for the extension
of the SM. There are many possible scenarios for DM candidates in beyond SM. To date,
Weakly Interacting Massive Particles( WIMPs)[6] and QCD axion [7] are the most promising
candidates for DM. However, recently the hidden sector of SM is gaining interests [8–12].
In this direction, there exits a hidden sector with different quantum number with SM. This
hidden sector includes not only DM particles but also possible hidden force [17] that allows
DM particles can interact with itself [18] and with SM matter through a portal [19, 20]. The
natural way of coupling the SM fields to the dark sector is via the kinetic mixing operator.
The kinetic mixing term can be Abelian [8] or nonAbelian [9–12]. In case of Abelian, the
mixing term has the form
L ⊃ F µνXµν (1)
where  is a dimensionless parameter. F µν and Xµν are the field strength of the U(1)Y gauge
field Bµ and U(1)X gauge field Xµ respectively.
The one-loop level result of  for kinetic mixing with U(1)Y is [13, 14]:
 ≈ egX
16pi2
log
m
Λ
(2)
where gX are the gauge couplings of the U(1)X group and m is the mass of the heavy particle
coupled to the new U(1)X and U(1)Y . The estimated value of  is  ∈ (10−12, 10−3) [15].
One can introduce a massive Dirac fermion which has charge under U(1)X . This Dirac
fermion can be candidate for DM. There are works employed this scenario to implement MeV
DM [21], 10GeV DM through kinetic mixing [22] or a hidden sector through Higgs mixing
at TeV scale [23].
Although DM has zero electric charge it may couple to photons through loops in the
form of electric and magnetic dipole moments. If DM has non-zero electric or magnetic
dipole moment then it can scatter with the nuclei in direct detection experiments such as:
XENON10 [24], XENON100 [25], XENON1T [27], CDMS [29], DAMA [31], CoGeNT [32].
In this paper we consider the possibility that hidden DM possesses an electric or magnetic
4dipole moment. The paper is organized as follows: In section II we review the kinetic mixing
in the SU(2)L model. In section III we consider the case a Dirac fermion elastically scatter
off a nuclei through photon, Z boson and X boson exchanges. We evaluate the scattering
events rate. In section IV we presented the analysis with main type of results:
• We find bounds on dipole moment of hidden dark matter using the Dark matter search
experiment.
• We find the regions in parameter space with positive signal from the XENON1T ex-
periment.
In section V we summarize our results and our work.
II. KINETIC MIXING IN THE SU(2)L MODEL
In this section we will briefly review the kinetic mixing in the SU(2)L model proposed as in
[8]. We investigate a hidden sector containing a gauge symmetry U(1)X and a Dirac fermion
dark matter candidate χ couple to the Standard Model sector through kinetic mixing.
The Lagrangian for this model is as followings:
L = LSM − sin 
2
BˆµνXˆ
µν − 1
4
XˆµνXˆµν
− gXXˆµχ¯γµχ+ 1
2
m2
Xˆ
Xˆ2 +mχχ¯χ, (3)
where LSM is the Lagrangian for the Standard Model, Bˆµν , Xˆµν are field strength tensor of
U(1)Y gauge field Bµ and U(1)X gauge field Xˆµ respectively. Note that in this model besides
Standard Model parameters, there are four new parameters which are: mixing parameter ,
the mass of the new hidden gauge boson mXˆ , new coupling constant gX and the mass of the
new hidden Dirac fermion mχ. These parameters can be constrained by several experiments.
The kinetic mixing term and mass mixing terms can be diagonalized by the transforma-
tions: [8].
Bˆ = cWˆA− (tsξ + sWˆ cξ)Z + (sWˆ sξ − tcξ)X ,
Wˆ3 = sWˆA+ cWˆ cξZ − cWˆ sξ,
Xˆ =
sξ
c
Z +
cξ
c
X , (4)
5where the angle ξ is determined by:
tan 2ξ = − m
2
Zˆ
sWˆ sin 2
m2
Xˆ
−m2
Zˆ
(c2 − s2s2Wˆ )
. (5)
and sWˆ is defined as [8].
ρ =
s2W
s2
Wˆ
(6)
The masses of X and Z gauge bosons can be redefined as:
m2Z = m
2
Zˆ
(1 + sWˆ tξt) (7)
m2X =
m2
Xˆ
c2(1 + sWˆ tξt)
. (8)
in which tξ can be evaluated as a function of rX ≡ m2X/m2Z as followings:
tξ = − 1
sWˆ t
, (9)
tξ =
1− rX ±
√
(1− rX)2 − 4s2Wˆ t2rX
2sWˆ trX
. (10)
The full Lagrangian is given in [8], the relevant terms for this work are:
LZ = Zµ
[
gZffL f¯γ
µPLf + g
Z
ffR f¯γ
µPRf + g
Z
χχχ¯γ
µχ
]
(11)
LX = Xµ
[
gXffL f¯γ
µPLf + g
X
ffR f¯γ
µPRf + g
X
χχχ¯γ
µχ
]
(12)
From this one can obtain the coupling constants:
gZffL = −
e
cW sW
cξ
{
T3
[
1 +
ω
2
]
−Q
[
s2W + ω
(
2− t2W
2(1− t2W )
)]}
, (13)
gZffR =
e
cW sW
cξ Q
[
s2W + ω
(
2− t2W
2(1− t2W )
)]
, (14)
gZχχ = −gX
sξ
c
, (15)
gXffL = −
e
cW sW
cξ
{
T3
[
sW t − tξ + 1
2
ω
(
tξ +
sW t
2
W t
1− t2W
)]
+ Q
[
s2W tξ − sW t +
1
2
t2Wω
(
tξ − sW t
1− t2W
)]}
, (16)
gXffR = −
e
cW sW
cξ Q
[
s2W tξ − sW t +
1
2
t2Wω
(
tξ − sW t
1− t2W
)]
, (17)
gXχχ = −gX
cξ
c
, (18)
6p p
,
p p
Z, X
FIG. 1: Feynman diagrams of dark matter scattering off a nuclei
III. DIPOLE MOMENT INTERACTION OF DARK MATTER
The elastic scattering of the DM χ by a nuclei at t-channel through X, Z gauge boson
exchange and electromagnetic scattering as in Figure.1. The effective Lagrangian for coupling
of a Dirac fermion χ having an electric dipole moment dχ and a magnetic dipole moment µχ
to a electromagnetic field Fµν is:
L = − i
2
χ¯σµν(µχ + γ5dχ)χF
µν (19)
where σµν =
i
2
[γµ, γν ]
In the low energy limit, the propagator of of Z,X bosons are proportional to ≈ −1
m2Z,X
.
Hence the scattering through t-channel can be described by the effective Lagrangian:
LZ,Xeff = LZffLZχ¯χ+ LXffLX χ¯χ = Cf ψ¯γµψχ¯γµχ (20)
where
Cf =
gZψ (g
Z
fL + g
Z
fR)
2m2Z
+
gXψ (g
X
fL + g
X
fR)
2m2X
. (21)
The coefficient of scattering of dark matter of proton and neutron are:
7Cp = 2Cu + Cd (22)
Cn = Cu + 2Cd (23)
These coefficient can be calculated as given in [8]:
Cp = gˆgX
4cWˆ
c2ξ
c
tξ
m2Z
[
(1− 4s2
Wˆ
)
(
1− 1
rX
)
− 3sWˆ
t
tξ
(
t2ξ +
1
rX
)]
' egX
4cW sW
c2ξ
c
tξ
m2Z
{
(1− 4s2W )
(
1− 1
rX
)
− 3
rX
sW t
tξ
− ω
[
3 +
(
1− 1
rX
)(
1
2
+ 2s2W
1 + t2W
1− t2W
)
− 1
rX
sW t
tξ
3t2W
2− 2t2W
]}
, (24)
Cn = − gˆgX
4cWˆ
c2ξ
c
tξ
m2Z
[(
1− 1
rX
)
+ sWˆ
t
tξ
(
t2ξ +
1
rX
)]
' − egX
4cW sW
c2ξ
c
tξ
m2Z
{[
1− 1
rX
(
1− sW t
tξ
)]
+
ω
2
[
1 +
1
rX
(
1 +
sW t
2
W t
(1− t2W )tξ
)]}
. (25)
The scattering amplitude is:
Mfi =
∑
q
u¯(kf )Γµu(ki)
igµν
q2
u¯(pf )(ieq)γνu(pi)
+
∑
q
Ciu¯(kf )γαu(ki)u¯(pf )γαu(pi) (26)
where q = u, d and Γµ is:
Γµ =
i
2
(
µχσ
µνqν + dχγ
5σµνqν
)
(27)
Taking summation over all quark flavor we have
Mfi = Z(ie)u¯(kf )Γµu(ki)ig
µν
q2
u¯(pf )γνu(pi)
+ [ZCp + (A− Z)Cn]u¯(kf )γαu(ki)u¯(pf )γαu(pi) (28)
8A. Constraints from direct searches
We consider the elastic scattering process of in coming dark matter χ with velocity v
scatter off a nucleus N (A,Z).
χ+N (A,Z)atrest → χ+N (A,Z)recoil (29)
Let ki, pi be the momentum of the incoming dark matter and nucleus. kf , pf be the
momentum of the outgoing dark matter and nucleus. We have ki = (E
i
χ,
~ki), pi = (E
i
N , ~pi),
kf = (E
f
χ,
~kf ), pf = (E
f
N , ~pf ). q is the momentum transfer and q = ki − kf .
In center of mass frame, for an elastic collision: ~ki = −~pi = ~kf = −~pf = MχN~v
and
q2 = k2i + k
2
f − 2kikf = 2(MχNv)2(1− cos θ) (30)
where MχN is the reduced mass of dark matter and nucleus MχN =
mχmN
mχ+mN
and θ is
scattering angle between dark matter and nucleus.
The recoil energy which is typical value of ∼ 1− 100 keV is given by:
ER =
q2
2mN
(31)
The minimal value of velocity of the Dark Matter is:
vmin =
√
ERmN
2M2χN
(32)
The average amplitude can be calculated as:
|M|2 = 8m2Nm2χ [(A− Z)Cn + ZCp]2
+
Z2e2mN µ
2
χ
[
4m2χ − ERmN
]
ER
+
Z2e2mNd
2
χ
[
2m2χ − ERmN
]
ER
(33)
The differential cross section is:
dσ
dΩ
≈ 1
64pi2(mχ +mN)2
|M|2 (34)
9From (31) we have
dΩ
dER
= 2pi
mN
|−→ki ||−→kf |
(35)
using |−→ki | = |−→kf | = MχNv we have:
dΩ
dER
=
2pimN
M2χNv
2
(36)
dσ
dER
=
(
dσ
dΩ
)(
dΩ
dER
)
=
1
32pim2χmNv
2
|M|2 (37)
For the low momentum transfer, the nuclei is not a point like particle. It is necessary
to consider the charge distribution of the nuclei. We use the Helm form factor [34, 35] as
a modification of the electromagnetic form factor of the charge distribution in a nuclei. In
this form we have
dσ
dER
=
F 2(ER)
32pim2χmNv
2
|M|2 (38)
where
F (ER) =
3j1(qr)
qr
e−q
2s2 (39)
with q =
√
2mNER is the momentum transferred, mN is the nucleus mass and
j1(x) =
sinx
x2
− cosx
x
(40)
is the Bessel spherical function of the first kind with r2 = (1.23A1/3−0.6)2+ 7
3
(0.52pi)2−5s2
is an effective nuclear radius and nuclear skin thickness s ' 0.9 fm [35]
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dσ
dER
=
F 2(ER)
32pim2χmNv
2
× (8m2Nm2χ [(A− Z)Cn + ZCp]2
+
Z2e2mN µ
2
χ
[
4m2χ − ERmN
]
ER
+
Z2e2mNd
2
χ
[
2m2χ − ERmN
]
ER
)
=
F 2(ER)mN
4piv2
[(A− Z)Cn + ZCp]2
+
αZ2F 2(ER)
8m2χv
2
(
µ2χ
[
4m2χ − ERmN
]
ER
+
d2χ
[
2m2χ − ERmN
]
ER
)
(41)
where α = e
2
4pi
is fine structure constant.
The event rate dR
dER
( events
kg.day.keV
) is :
dR
dER
=
ρ0
mχmN
∫ [
F 2(ER)mN
4piv2
[(A− Z)Cn + ZCp]2
+
αZ2F 2(ER)
8m2χv
2
(
µ2χ
[
4m2χ − ERmN
]
ER
+
d2χ
[
2m2χ − ERmN
]
ER
)]
vf(v)dv (42)
where ρ0 is local dark matter density (ρ0 = 0.46
+0.07
−0.09 Gev/c
2/cm3) [36] and f(v) is the
dark matter velocity distribution in the detector reference frame.
The differential event rate is then calculated as:
dR
dER
=
ρ0
mχmN
[
F 2(ER)mN
4pi
[(A− Z)Cn + ZCp]2
+
αZ2F 2(ER)
8m2χ
(
µ2χ
[
4m2χ − ERmN
]
ER
+
d2χ
[
2m2χ − ERmN
]
ER
)]∫
f(v)
v
dv (43)
The velocity distribution function f(v) has the Maxwellian distribution [39].
f(v) =
v
vEv0
√
pi
[
e
− (v−vE)
2
v20 − e−
(v+vE)
2
v20
]
(44)
where v0 = 220km/s is the circular velocity of the Sun around the Galatic center and
vE ∼ v0 is the velocity of the Earth to the Sun. The average velocity of vE = 232km/s
Taking integral the event rate per unit mass and unit time is:
11
R =
ρ0
mχmN
∫ ER,max
ER,min
dER
[
F 2(ER)mN
4pi
[(A− Z)Cn + ZCp]2
+
αZ2F 2(ER)
8m2χ
(
µ2χ
[
4m2χ − ERmN
]
ER
+
d2χ
[
2m2χ − ERmN
]
ER
)]
× 1
2vE
[
erf
(
vmin + vE
v0
)
− erf
(
vmin − vE
v0
)]
(45)
where the error function is defined as:
erf(a) =
2√
pi
∫ a
0
e−x
2
dx (46)
and vmin =
√
ERmN
2M2χN
with MχN =
mNmχ
mN+mχ
.
IV. NUMERICAL ANALYSIS
In finding the dipole moment of the Dirac dark matter, we evaluate the event rate as
the function of new parameters sin , gX ,mX ,mχ. In [8], using result in muon g − 2, atomic
parity variation, ρ parameter and Electro-Weak Precision Test (EWPT) authors can put
some constraints on these four parameters specially the parameters are constrained as :
0.003 ≤ sin  ≤ 0.1 if mX < mZ and 0.05 ≤ sin  ≤ 0.4 if mX > mZ . Combine with previous
constraints [13–16], we focus on region where 3× 10−3 ≤  ≤ 10−2 and mX ≤ mZ .
The recoil energy in direct detection experiment typically from 1 ∼ 100keV with event
rate dR
dER
∈ [10−7, 10−2]. In the kinetic mixing of the SU(2)L model, besides photon, dark
matter can scatter off nuclei through Z boson and new hidden gauge boson. The scattering
through photon is proportional to the dipole moment of the dark matter. Therefore using
this condition we can set lower bounds for the dipole moment of the hidden DM particle.
As mentioned above, the hidden Dirac fermion can interact with photon at loops level.
Therefore there exits dipole moments for this hidden fermion and the value is greater than
zero.
We will first evaluate the magnetic moment of χ hidden Dirac fermion by setting dχ = 0
in the expression for dR
dER
Figure 2(a). The choice of of recoil energy ER = 30 keV for Xenon
nuclei 13154Xe. The mass of X boson mX = 10GeV is chosen with mixing parameters  = 0.003.
We evaluate the value of µχ as function of the mχ in three case
dR
dER
= 10−4, 10−5, 10−6
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FIG. 2: Magnetic dipole moment and electric dipole moment as function of Dirac dark
matter mχ for recoil energy ER = 30keV and cpd/keV= 10
−4, 10−5, 10−6
respectively. Using the condition that the magnetic dipole moment must be positive we can
set lower bound for the mass of the hidden Dirac particle. In the case dR
dER
= 10−5 the lower
bound of the mass is 2.32 GeV 2(a). If dR
dER
= 10−6 than this value is 23.17 GeV.
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FIG. 3: Magnetic dipole moment as as function of events rate/keV and the recoil energy
for two values of mχ = 10GeV (a) and mχ = 100GeV (b)
In Figure. 3 we investigate the magnetic dipole moment as function of events rate/keV
and the recoil energy for two values of mχ = 10, 100GeV. If the mass of the hidden Dirac
fermion at order O(10)GeV the magnetic dipole moment µχ has lower bounds of 1× 10−8µB
and 5×10−8µB if the mass mχ = 100 GeV. We observe that the variation of magnetic dipole
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moment with respect to the event rate is decreasing with the increase of the recoil energy
ER and approximate constant with the value of ER ≥ 40keV
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FIG. 4: Electric dipole moment as as function of events rate/keV and the recoil energy for
two values of mχ = 10GeV (a) and mχ = 100GeV (b)
Similarly, in finding the bounds of electric dipole moment we set µχ = 0 we can find
bounds for dχ. In Figure 4 we illustrate the value of electric dipole moment as contour plot
of the mass and recoil energy value. In case if the events/keV of order O(10−5) then for a
mass mχ = 100GeV the value of the electric dipole moment dχ ≥ 5× 10−23e.cm.
For a set of parameters we can find the maximal and minimal value for dipole moment.
The minimal value is when we take into account the Z,X bosons exchanges. The maximal
possible value of magnetic and electric dipole for this hidden Dirac particle is when there is no
Z,X bosons exchanges. Using the same set of parameters as above we obtain µmaxχ = 4.36×
10−9µB and dmaxχ = 7.48
−24e.cm for dR
dER
= 10−5 and mχ = 10GeV. In case mχ = 100GeV we
have µmaxχ = 1.37 × 10−8µB and dmaxχ = 2.36−23e.cm. We can summarize our limits in the
Table I:
Next, we will evaluate EDM and MDM based on the first results from the XENON1T
[26–28] dark matter experiment. The XENON1T experiment gives the events rate 1.5×10−5
events/kg/day with recoil energy ER ∈ [4.9, 40.9] keV. The XENON1T gives limit for WIMP
14
 = 0.003, mX = 10GeV, gX = 0.1, ER = 30keV
mχ(GeV) |µχ(10−8µB)| |dχ(10−23e.cm)|
10 0.382101 ≤ µχ ≤ 0.435944 0.65586 ≤ dχ ≤ 0.74828
100 1.3626 ≤ µχ ≤ 1.37857 2.33867 ≤ dχ ≤ 2.36626
TABLE I: Bounds on the µχ magnetic moment and dχ electric dipole moment
particle mass above 6GeV. Using the condition of positive value of magnetic dipole moment
combine with XENONT1T limit, solving for zero value of magnetic dipole moment as func-
tion of DM mass mχ, we can find possible range for  and for the mass of X boson. If
0.003 ≤  ≤ 0.01 then 5 ≤ mX ≤ 9GeV. This mass range of the gauge boson associated with
the hidden U(1)X is in agreement with previous works [40]. In this paper, the exotic decay
of Higgs boson (H → XZd → 4l) is examined at LHC. In this decay channel, X = Z,Zd, γ
and Zd is the gauge boson of hidden U(1)d. The mass of the hidden boson Zd is constrained
to be in [5GeV, 10GeV ]. This mass range is within LHC detection ability for hidden sector
[41, 42]. The range of the kinetic mixing parameter  is also possible in ability of ILC [42].
Similar to previous section, the XENON1T also gives bounds of dipole moment for mass
mχ = 100 GeV are: 1.93448 × 10−8µB ≤ µχ ≤ 1.9496 × 10−8µB and 3.3204 × 10−23e.cm ≤
dχ ≤ 3.3464× 10−23e.cm.
V. CONCLUSION
The existence of a hidden U(1)X gauge symmetry has been studied recently in literature.
By introducing new Dirac Dark Matter, this hidden Dirac DM can interact with the SM
sector through kinetic mixing between U(1)X and U(1)Y . The appearance of the hidden
Dirac fermion also leads to the possible existence of the dipole moment of the hidden Dirac
fermion. In this work, we investigate the interaction of dark matter with nuclei through γ,
Z boson and the new X boson from dark sector. We evaluate the event rate of hidden DM
scatter off XENON nuclei and set bounds for the mass of the hidden Dirac fermion and the
value of the Dipole moment. Using the current results for direct detection of dark matter at
XENON1T, the bounds for hidden Dirac particle are found to be 1.93448× 10−8µB ≤ µχ ≤
1.9496 × 10−8µB and 3.3204 × 10−23e.cm ≤ dχ ≤ 3.3464 × 10−23e.cm for mass mχ = 100
15
GeV. From the condition of the existence of dipole moment of hidden dark matter, we can
constraint the kinetic mixing parameters 0.003 ≤  ≤ 0.01 and the mass of new hidden boson
5GeV≤ mX ≤ 9GeV.
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